Background: During anterolateral thigh flap harvest, inadequate perforators may necessitate modification of the flap design, exploration of the contralateral thigh, or additional flap harvest. Computed tomographic angiography may facilitate perforator mapping and optimize flap design. The authors performed this pilot study to determine the predictive power of computed tomographic angiography in anterolateral thigh flap planning and execution. Methods: Sixteen consecutive computed tomographic angiography-mapped anterolateral thigh flaps for head and neck reconstruction were studied. Perforator location, origin, caliber, and course were compared between computed tomographic angiography and intraoperative findings. The relationship of patient characteristics, imaging studies, and intraoperative factors to flap design and surgical outcomes was analyzed. Results: Among the 16 anterolateral thigh flaps, 40 of 54 perforators identified intraoperatively were visible on computed tomographic angiography, resulting in 74 percent sensitivity. Intraoperative perforator location averaged 0.35 cm from the computed tomographic angiography-predicted location. The overall ability of computed tomographic angiography to predict perforator size was 67.5 percent. Its overall accuracy in predicting whether a perforator took a septocutaneous or intramuscular course before perforating the deep fascia was 77.5 percent. Preoperative angiography resulted in surgeons modifying the operative plan in 37 percent of cases and 57 percent of double-island flap cases. All flaps were elevated successfully and survived. Conclusions: Computed tomographic angiography identified larger perforators better than smaller ones and proximal perforators better than distal ones. It accurately predicted the location and origin of visible perforators and less accurately predicted the size and course of visible perforators. Most importantly, the information it provided influenced surgeons to modify their reconstructive strategy, resulting in a higher level of recipient-site specificity. (Plast. Reconstr. Surg. 127: 1505, 2011 
T he free anterolateral thigh flap is one of the most versatile and preferred options for softtissue reconstruction of head and neck defects. [1] [2] [3] [4] In 2009 alone, over 200 anterolateral thigh free flaps were performed in our department for head and neck reconstruction. The descending branch of the lateral circumflex femoral artery supplies the anterolateral thigh flap in most cases. 1 Although the anterolateral thigh flap is perfused by at least one cutaneous perforator suitable for flap perfusion in 96 to 99 percent of cases, the anatomy varies considerably, even between thighs of the same patient. 5 On rare occasions (1.4 percent of the time), no adequate perforator is present in one or both thighs. When there are no adequate perforators, a surgeon must abandon the ipsilateral thigh for the contralateral thigh or harvest additional flaps. This results in unnecessary surgical incisions, wasted time, and potential morbidity because of a lack of foreknowledge of the lateral circumflex femoral artery anatomy.
Preoperative knowledge of the lateral circumflex femoral artery perforators should allow the surgeon to determine the most appropriate extremity, flap design, and necessity for additional flaps, potentially resulting in optimized outcomes, minimized morbidity, and specified informed consent. Preliminary evidence has shown computed tomographic angiography mapping of the lateral circumflex femoral artery to be possible, but the predictive power and practical advantages have not been demonstrated. 6, 7 The purpose of this study was to prospectively determine the benefits and limitations of computed tomographic angiography planning for anterolateral thigh flap design.
PATIENTS AND METHODS
We studied a prospective cohort of 16 consecutive patients who underwent preoperative computed tomographic angiography mapping of the lateral circumflex femoral artery and subsequently underwent anterolateral thigh flap reconstruction for complex head and neck defects at the University of Texas M. D. Anderson Cancer Center. We excluded patients who had not undergone preoperative computed tomographic angiography, had incomplete intraoperative data collection regarding lateral circumflex femoral artery anatomy, or did not undergo anterolateral thigh flap reconstruction. Institutional review board approval was obtained before patient accrual and prospective data collection. Written and verbal informed consent was obtained.
Computed tomographic angiography scans were obtained only at M. D. Anderson according to a standardized protocol developed by the authors (J.E.M. and L.B.). Scans were obtained in an antegrade direction from a point superior to the anterior superior iliac spine to just below the patella. After intravenous injection of contrast medium (OptiRay; Mallinckrodt-Covidien, Hazelwood, Mo.), helical computed tomographic scanning (120 kVp, 290 mA maximum, 0.8-second exposure, 2.5-mm collimation, 39.37 cm/second speed, 0.984:1 pitch, 64 channels) was performed on a GE LightSpeed VCT (General Electric Healthcare, Waukesha, Wis.) in two phases at 30 and 60 seconds designated as the arterial and venous phases, respectively. Axial source images were reconstructed with soft-tissue kernel at 2.5-mm thickness and spacing for standard radiographic review and at 0.625-mm thickness and spacing for subsequent reformatting. Both data sets had a submillimeter in-plane resolution. From the thinner source images, maximum intensity projection multiplanar reconstructions were created along the axial, coronal, and sagittal orientations over 10-mm-thick slabs every 1.25 mm. Three-dimensional volume and maximum intensity projection renderings were created after virtual bone removal. The section chief of musculoskeletal diagnostic radiology (J.E.M.), the imaging scientist (L.B.), the resecting surgeons, and the principal investigator (P.B.G.) reviewed all images preoperatively.
We compared anatomical details of the lateral circumflex femoral artery demonstrated by computed tomographic angiography to intraoperative findings. Sensitivity, specificity, and accuracy of computed tomographic angiography and their 95 percent confidence intervals were calculated. For perforators both seen on computed tomographic angiography and found intraoperatively, the kappa coefficient and its 95 percent confidence interval were calculated. A kappa value of 1 indicated perfect agreement, whereas a kappa value of 0 indicated agreement equivalent to chance. Fisher's exact test assessed the association between categorical variables. The Wilcoxon rank sum test assessed the difference in distribution of continuous variables between patient subgroups defined by a categorical variable. 8 Before we could assess the accuracy of computed tomographic angiography in determining perforator location, calibration of computed tomographic angiography for intraoperative reference points had to first be confirmed through surface anatomy. To localize perforators on computed tomographic angiography for accurate intraoperative identification, a virtual line was drawn between two bony points that could be identifiable both on computed tomographic angiography and on clinical examination. As previously described, we measured the distance between the most superficial bony prominence of the pelvis (anterior superior iliac spine) and the superior lateral patella. 5, 9 This distance from the anterior superior iliac spine to the patella line served as a y axis for assigning longitudinal coordinates to perforators at the point at which they penetrated the deep fascia. After comparing the computed tomographic angiography scout and cross-sectional images with our clinical and intraoperative findings, we discovered the most superficial palpable portion of the anterior pelvis to not actually be the anterior superior iliac spine seen on computed tomographic angiography scout images. With the patient standing, the pelvis tilts forward, causing the anterior superior iliac spine to be easily palpable; however, in the supine position, the pelvis rotates posteriorly, causing the anterior superior iliac spine to assume a deeper, superoposterior location. Thus, a supine patient's palpable anterior superior iliac spine is a point 2 to 4 cm inferior to the radiographic anterior superior iliac spine. A radiopaque fiduciary marker over the palpable anterior superior iliac spine in three patients confirmed this finding. Subsequent distance from the anterior superior iliac spine to the patella line measurements were based on the palpable anterior superior iliac spine. Perforators were termed A, B, C, and anteromedial thigh from proximal to distal as described previously. 5, 9 Anatomical data included the distance from the anterior superior iliac spine to the patella length, origin, size, course (i.e., musculocutaneous versus septocutaneous), and presence or absence of perforators. Perforator size on computed tomographic angiography was categorized as small, medium, or large by the radiologist and corresponding author based on the qualitative appearance of the vessels in both arterial and venous phases. Perforator size was assessed intraoperatively by the surgeon and categorized as small, medium, or large at the time of surgery as described by Yu.
5 Small perforators had a venous external diameter of less than 0.5 mm; medium perforators, 0.5 to 1.0 mm; and large perforators, greater than 1.0 mm. We compared the computed tomographic angiography findings from the operated thigh with the intraoperative findings to define sensitivity, specificity, and accuracy of computed tomographic angiography for determining the presence, origin, size, and course of a perforator. For perforators seen on both computed tomographic angiography and intraoperatively, the kappa coefficients were calculated to assess agreement for perforator origin, course, and size. Distributions of certain patient factors such as body mass index, age, sex, or illness were studied for their association with detecting perforators on computed tomographic angiography.
We also evaluated details of the surgical reconstruction. In particular, surgeons were asked whether the computed tomographic angiography findings had affected their surgical decision-making and, if so, how their plan was modified.
RESULTS
Of the 16 patients, 11 (68.75 percent) were men and five (31.25 percent) were women, with a mean age of 65.6 years. The average body mass index was 24.9 kg/m 2 . The overall sensitivity of computed tomographic angiography for detecting the presence of an actual perforator was 74 percent (95 percent confidence interval, 60.1 to 84.6 percent). Table 1 shows the sensitivity and specificity of computed tomographic angiography for demonstrating the presence of a perforator. Proximal, large perforators were visualized more frequently than distal, small ones.
The length of the distance from the anterior superior iliac spine to the patella from the computed tomographic angiography (with the anterior superior iliac spine adjusted as described above) was compared with the clinical anterior superior iliac spine to the patella line. The average computed tomographic angiography anterior superior iliac spine to the patella line was 45.9 cm compared with 45.5 cm intraoperatively. The average difference between the y axis distance of each perforator visible on computed tomographic angiography and intraoperatively was 3.5 mm. Proximal perforator distances were more accurate than distal perforator distances. Mean differences for the A, B, C, and anteromedial thigh perforators were 0.04, 0.09, 1.47, and 0.52 cm, respectively.
Computed tomographic angiography also accurately predicted the perforator origin as demonstrated in Table 2 . The kappa coefficient could not be calculated for C perforators because there was only one category (descending lateral circumflex femoral artery). As shown in Table 3 , computed tomographic angiography less accurately predicted perforator size (67.5 percent accuracy). The overall accuracy of computed tomographic angiography in predicting whether a perforator was septocutaneous or intramuscular was 77.5 percent. The accuracy of predicting perforator course decreased from proximal to distal (Table 4) . Patient factors such as age, sex, and illness were not associated with perforator detection on computed tomographic angiography. There was a trend toward perforators being more detectable in patients with a higher body mass index. Among the 16 patients, nine single-island anterolateral thigh flaps, five double-island anterolateral thigh flaps, and two double-island anterolateral thigh/anteromedial thigh flaps were performed. Table 5 summarizes the details of the reconstructions. Average operative time for the combined resection and reconstruction, including dental extractions when appropriate, was 9 hours 30 minutes. Flaps were harvested from the right thigh in 75 percent of the cases and from the left thigh in 25 percent. Perforators that were seen both on computed tomographic angiography and intraoperatively were more likely to be used. Computed tomographic angiography-visualized A perforators were harvested 91.7 percent of the time; B perforators, 90.9 percent of the time; and C perforators, 75.0 percent of the time. We did not find a statistically significant preference for certain size perforators being included more frequently in flap harvest. Anteromedial thigh perforators were only included with flap harvest when they originated from the lateral circumflex femoral artery and a second skin paddle was necessary.
On the basis of the information provided by computed tomographic angiography, the surgical plan was modified in six of 16 patients (37.5 percent). Table 6 provides specifics of the modifications. In two patients, the anteromedial thigh perforator was demonstrated by computed tomographic angiography to originate from the descending branch of the lateral circumflex femoral artery, which prompted the harvest of a double-island anterolateral thigh/anteromedial thigh flap. In two patients, a common origin of the descending and transverse branches of the lateral circumflex femoral artery prompted the surgeons to harvest a double-island anterolateral thigh flap based on perforators from the descending and transverse lateral circumflex femoral artery branches. In one patient, plans to harvest a chimeric anterolateral thigh/iliac bone free flap were abandoned when computed tomographic angiography showed the ascending and descending lateral circumflex femoral artery branches to originate separately from the profunda femoris. On this same patient, the computed tomographic angiography showed the left ascending and descending branches sharing a common origin, but the left descending lateral circumflex femoral artery lacked visible perforators.
In the absence of computed tomographic angiography mapping, it is our practice to harvest an anterolateral thigh flap from the right thigh because of the ergonomics for right-handed sur- Plastic and Reconstructive Surgery • April 2011
geons. In three patients in this study, the left lateral circumflex femoral artery perforator anatomy appeared superior on computed tomographic angiography, prompting the surgeon to harvest from the left thigh. There were no flap failures and no deaths. One patient required a return to the operating room for successful anastomotic revision of a venous thrombosis.
DISCUSSION
This study demonstrates that computed tomographic angiography accurately predicted the location and origin of visible perforators. Computed tomographic angiography identified larger perforators better than smaller ones and proximal perforators better than distal ones. Computed tomographic angiography less accurately predicted perforator size and course. Most importantly, the information provided by computed tomographic angiography influenced surgeons to modify the reconstructive strategy in 37.5 percent of the overall cases and 57 percent of double-island flap cases, resulting in a higher level of recipient-site specificity. This information is particularly useful when two reliable skin islands are needed for the reconstruction, which is common in head and neck cancer patients.
According to the senior author's studies, two or more perforators are present in approximately 75 percent of patients. Among these, perforator A may originate from the transverse branch or at the bifurcation of the transverse and descending branches in 12 percent of cases. Thus, a two-skinisland anterolateral thigh may not be possible in Volume 127, Number 4 • Imaging of Anterolateral Thigh Flaps 37 percent of patients. In addition, some of the C perforators may be small and deeply intramuscular, making it less desirable to raise a second skin island. Therefore, blindly exploring the thigh could result in at least a 40 percent chance of being unable to raise a two-skin-island anterolateral thigh flap, whereas preoperative computed tomographic angiography may improve the chances. Without computed tomographic angiography, a surgeon could develop a compromised solution, such as including a segment of vastus lateralis muscle to support a skin graft, but this solution is not as ideal as harvesting two skin islands. In the senior author's 10-year experience without computed tomographic angiography, there was a need to change the surgical plan (explore the contralateral thigh or anteromedial thigh perforators) in at least 10 percent of cases because of the lack of perforators or an absolute need for a second skin island. In another 10 to 20 percent cases, we worked around disadvantageous anatomy to develop a compromised solution, but we wished that we had known the anatomy before making the incision. The strengths and limitations of computed tomographic angiography for preoperative planning in breast reconstruction have been described exhaustively. Studies characterizing the anatomy of the inferior epigastric vessels and perforators have shown clinical benefits to this technique. 10 -18 In a 2009 retrospective study by Casey et al., computed tomographic angiography was shown to be superior to handheld Doppler evaluation alone for planning deep inferior epigastric artery perforator flaps for breast reconstruction. 17 They found that the use of computed tomographic angiography resulted in shorter operative times, fewer perforators included with the flaps, and a lower incidence of postoperative abdominal wall bulging.
The theoretical advantages of computed tomographic angiography mapping for the anterolateral thigh are, in some ways, greater than for abdomen-based flaps: in anterolateral thigh harvest, a side has to be selected preoperatively, whereas in abdominal flaps, the entire incision will be opened regardless of which side is used. This makes foreknowledge of arterial anatomy even more important for a patient potentially requiring an anterolateral thigh flap harvest. In addition, two skin islands are never required in breast reconstruction but often are in head and neck reconstruction, a situation that we believe is the most compelling indication for preoperative perforator mapping. Despite this, studies evaluating the benefits and limitations of computed tomographic angiography for anterolateral thigh flap planning are lacking in the literature.
A 2009 study by Rozen et al. explored the anatomical variability in the lateral circumflex femoral artery system for anterolateral thigh flap harvest. 7 This group evaluated the anatomy of 19 cadaveric lateral circumflex femoral arteries and reviewed 32 anterolateral thigh flap operative re- As reflected in previous publications by the senior author, our clinical experience has been that an anterolateral thigh flap can be harvested successfully without preoperative computed tomographic angiography mapping in at least 96 percent of cases, with or without the aid of handheld Doppler evaluation. [3] [4] [5] 9 A 2006 study by the senior author evaluated the accuracy of handheld Doppler assessment for predicting the presence of perforators for anterolateral thigh flap planning. Handheld Doppler evaluation was found to be overly sensitive, to have poor specificity, and to inaccurately localize perforators. The accuracy of Doppler imaging further deteriorated with increasing body mass index. Given the predictable pattern of the lateral circumflex femoral artery perforators based on the ABC system and the low accuracy of handheld Doppler imaging, the authors suggested that preoperative examination with handheld Doppler imaging might have very limited value, especially in obese patients. 9 In this study, computed tomographic angiography did not show perforators that were not actually present at surgery (thus, no false-positives), located visible perforators within 3.6 mm of their actual location and, in contradistinction to Doppler evaluation, demonstrated improved accuracy with increasing body mass index. Perforators appeared to be better visualized when surrounded by subcutaneous fat (as was the case in higher body Volume 127, Number 4 • Imaging of Anterolateral Thigh Flaps mass index patients or proximal perforators) than when surrounded by more radiopaque muscle, skin, or fascia. This might explain why proximal perforators were more often visualized than distal perforators, as previous studies have shown anterolateral thigh flap thickness and subcutaneous fat thickness to decrease from proximal to distal along the thigh. 5 The other reason for proximal perforators to be more often visualized is that the proximal perforators are on average larger in diameter than the distal perforators. What handheld Doppler evaluation cannot provide is information about the vessel origin, information that is critical to the successful harvest of a double-island or chimeric flap. We have demonstrated that computed tomographic angiography is excellent at demonstrating the vessel of origin of cutaneous perforators.
Computed tomographic angiography less accurately predicted the size of perforators. This is less relevant in deep inferior epigastric artery perforator flaps in which larger perforators are necessary to maintain adequate flap perfusion and avoid fat necrosis. Anterolateral thigh flaps are typically cutaneous or fasciocutaneous flaps in which fat necrosis occurs infrequently. An anterolateral thigh flap may be reliably harvested on one or more small perforators. Surgeons need to be aware of this limitation of currently available computed tomographic scanners in imaging small (Ͻ0.5 mm) perforators when relying on computed tomographic angiography mapping for anterolateral thigh design. Just because computed tomographic angiography does not show a perforator does not mean that a small perforator is not present. Figures 1 through 4 show an example of a scan in which only the large A and anteromedial thigh perforators were visible on computed tomographic angiography. Doppler signals were present at A, B, C, and anteromedial thigh locations. Intraoperatively, large A and anteromedial thigh perforators were found, no B perforator was present, and 19 raised concerns regarding the potential carcinogenic effects of repeated computed tomographic scans. No large-scale epidemiologic studies of the cancer risks specifically associated with computed tomographic scans have been reported. Surgeons should counsel their patients as they feel appropriate. Additional prospective studies of computed tomography are also needed with longer follow-up to better define potential risks. Although research comparing magnetic resonance angiography to computed tomographic angiography for deep inferior epigastric artery perforator flap planning has shown computed tomographic angiography to be more accurate than magnetic resonance angiography for perforator mapping, future studies are warranted to determine the suitability of magnetic resonance angiography for anterolateral thigh perforator mapping to potentially avoid radiation.
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CONCLUSIONS
Computed tomographic angiography mapping has advantages for planning anterolateral thigh flaps for complex head and neck defects, particularly when two skin islands are needed; however, routine use is not necessary. This study represents the largest reported series of computed tomographic angiography mapping for anterolateral thigh flap harvest. Computed tomographic angiography more accurately characterized large and medium perforators and resulted in modification of operative strategy in one-third of the cases and in over half of the doubleisland flap cases. It was less accurate in identifying small perforators. 
